We report the first observation of off-axis neutrino interactions in the MiniBooNE detector from the NuMI beamline at Fermilab. The MiniBooNE detector is located 745 m from the NuMI production target, at 110 mrad angle (6.3
We report the first observation of off-axis neutrino interactions in the MiniBooNE detector from the NuMI beamline at Fermilab. The MiniBooNE detector is located 745 m from the NuMI production target, at 110 mrad angle (6.3 • ) with respect to the NuMI beam axis. Samples of charged current quasi-elastic νµ and νe interactions are analyzed and found to be in agreement with expectation. This provides a direct verification of the expected pion and kaon contributions to the neutrino flux and validates the modeling of the NuMI off-axis beam. Conventional neutrino beams from high-energy proton accelerators serve as important tools for studying neutrino characteristics and the fundamental properties of matter involving interactions of neutrinos. Such beams typically arise from the two-body decays of π and K mesons produced by a proton beam impinging upon a nuclear target. The mesons leave the target with a significant angular divergence. The flux of neutrinos in such a wide band beam at distance d from the meson decay point and at an angle θ with respect to the parent meson direction is given by
where γ is the Lorentz boost factor of mesons [1] . To obtain a more intense neutrino flux, it is essential to focus the mesons produced in the target. To accomplish this, neutrino experiments such as MiniBooNE [2] and MINOS [3] use focusing magnetic horns to direct the mesons toward downstream detectors. from two-body decays is given by
where m π,K (E π,K ) is the mass (energy) of the π, K parent, and m µ is the muon mass. Brookhaven experiment E889 proposed [4] an off-axis beam because, at a suitable off-axis angle θ, the neutrino flux is confined to a relatively narrow band of energies, which is useful in limiting backgrounds in searches for the oscillation transition ν µ → ν e . Future neutrino oscillation searches by the T2K [5] and NOνA [6] experiments plan to use offaxis horn-focused beams. The MiniBooNE detector, located at an angle of 110 mrad (6.3 • ) with respect to the NuMI beam axis (see Fig. 1 ), provides a unique opportunity to perform the first measurement of neutrino interactions from an off-axis horn-focused beam. In addition to demonstrating the off-axis beam concept, the measurement verifies the predicted fluxes from π/K parents in the NuMI beam, and probes the off-axis intrinsic ν e contamination, required for future ν µ → ν e appearance searches.
The NuMI beam points toward the MINOS Far Detector, located in the Soudan Laboratory in Minnesota. Neutrinos are produced by 120 GeV protons incident on a carbon target. In the period studied here, the beam intensity was up to 3 × 10 13 protons on target per spill at a typical repetition rate of 0.48 Hz. Positive π and K mesons produced in the target are focused down the decay pipe using two magnetic horns. Neutrinos from two-body decays of pions are more forward directed than those from kaons due to the difference in rest mass of the decaying mesons. As a result, the off-axis component coming from pions is suppressed relative to the kaon component. Decay in flight of poorly focused pions can only occur close to the NuMI target, since they are stopped by shielding around the target area. The NuMI beam also provides a large sample of ν e events in the MiniBooNE detector. The ν e 's result primarily from the three-body decay of kaons and thus have a wider range of energies. The stability of the neutrino beam is monitored using the muon monitors at the end of the decay pipe and the MI-NOS Near Detector. The direction of the neutrino beam, its intensity, and its energy spectrum were all found to be very stable over the data taking period [3] . Detailed GEANT3-based [7] Monte Carlo (MC) simulations of the beam, including secondary particle production, particle focusing, and transport, are performed to calculate the flux as a function of neutrino flavor and energy. The yield of pions and kaons from the NuMI target is calculated using the FLUKA cascade model [8] . The beam modeling includes downstream interactions in material other than the target that produce hadrons decaying to neutrinos. These interactions are modeled using a GEANT3 simulation, configured to use either GFLUKA [7] or GCALOR [9] cascade models. The NuMI neutrino flux at the MiniBooNE detector is shown in Fig. 2 . Pions (kaons) produce neutrinos with average energies of about 0.25 GeV (2 GeV).
These neutrinos are detected in the MiniBooNE detector [10] which is a 12.2 m spherical tank filled with 800 tons of pure mineral oil. The detector triggers on every NuMI beam spill and the detector activity is recorded in a 19.2 µs window beginning about 1 µs before the start of a ∼10 µs wide spill. The stability of the NuMI beam was confirmed by studying the rate of neutrino events in the MiniBooNE detector as a function of time. The time and charge of photomultiplier-tubes (PMT) in the detector are used to reconstruct the interaction point, event time, energies, and particle tracks resulting from neutrino interactions. Neutrino interactions in the detector are simulated with the NUANCE event generator package [11] , with modifications to the quasi-elastic (QE) cross-section as described in [12] . Particles generated by NUANCE are propagated through the detector, using a GEANT3-based simulation which describes the emission of optical and near-UV photons via Cherenkov radiation and scintillation. Neutrino induced events are identified by requiring the event to occur during the NuMI beam spill, after rejection of cosmic ray muons and muon decay electrons [2] . For the sample satisfying these selection criteria, NuMI neutrinos are predicted to interact via charged-current (CC) QE scattering (39%), CC single pion production (31%), neutral current (NC) single pion production (14%), multi-pion production (9%), deep inelastic scattering (4%), and other interactions (3%). The predicted event composition is ν µ :ν µ : ν e :ν e ∼ 0.81 : 0. 13 There is a 2% uncertainty in the number of protons on target. Neutrino interactions are identified with the likelihood-based algorithm used in [2] . The high rate and simple topology of ν µ CCQE events provides a useful sample for understanding the ν µ spectrum and verifying the MC prediction for ν e production. The identification of ν µ CCQE events is based upon the detection of the primary stopping muon and the associated decay electron as two distinct time-related clusters of PMT hits, called 'subevents': ν µ +n → µ − +p, µ − → e − + ν µ +ν e . We require the first subevent to have a reconstructed position within 5 m of the center of the detector. The decay electron requirement substantially reduces CC single π + contamination because most CC π + events contain a second decay electron from the π + to µ decay chain. Additional rejection of non-ν µ CCQE events in the sample is achieved by a requirement on the relative µ and e likelihoods, maximized under a given particle hypothesis, log(L e /L µ ) < 0.02. This selection criterion is 24% efficient in selecting ν µ CCQE candidates, resulting in a 69% pure ν µ CCQE sample. The most significant background contribution to the ν µ CCQE sample results from CC single π + production (78%) where the π + is undetected. A total of 17659 data events pass this ν µ CCQE selection criteria, compared to the prediction of 18247±3189 in the 0.2 < E ν < 3.0 GeV range; the uncertainty includes systematic errors associated with the neutrino flux, neutrino cross-sections, and detector modeling.
The flux uncertainties include particle production in the NuMI target, modeling of the downstream interactions, and kaons stopped in the NuMI beam dump. The flux uncertainty also includes the uncertainty arising from possible misalignment of the target, the focusing horns and the shielding blocks although this was found to have a small effect on the off-axis neutrino flux [13, 14] . The π/K yields off the target were tuned to match the observed neutrino event rates in the MINOS Near Detector [3] , where the same meson decays produce significantly higher energy neutrinos. Such tuning has a neg- ligible effect on the off-axis beam at MiniBooNE. However, the difference between the tuned and the untuned π/K yields was treated as an additional systematic effect. Further details of systematic uncertainties considered may be found in [3] , though it is important to note that the magnitudes of these systematic uncertainties due to the flux are smaller in the off-axis case. The crosssection uncertainties are quantified by varying the underlying model parameters constrained by either external or Booster neutrino beam (BNB) data. Uncertainties in the parameters describing the optical properties of the MiniBooNE detector are constrained by external measurements of the oil properties and by fits to calibration samples of events in the BNB data sample [2] . Reconstructed ν µ CCQE event kinematics include the muon energy, E µ , and muon angle with respect to the neutrino beam direction, θ µ . For both the data and MC, θ µ is approximated assuming that all neutrinos arise from meson decays at the NuMI production target. In reality, mesons decay along the NuMI beamline so that the average decay distance from the target is about 70 m. However, given the geometry of the beamline with respect to the detector (see Fig. 1 ), such an off-axis angle change is well within the angular resolution of the detector (∼ 2
• ). Based on these reconstructed quantities, the neutrino energy, E ν , is calculated assuming two-body kinematics
where M p is the proton mass. The E ν resolution of NuMI neutrinos in MiniBooNE is ∼ 12% at 1 GeV. The E ν distribution of selected ν µ CCQE events is shown in Fig. 3 , along with the MC prediction, separated into contributions from target pions, target kaons, and non-target sources. About 50% of the events in the ν µ CCQE sample originate from parents produced in non-target materials. Predicted pion and kaon contributions, in two energy regions, are given in Table I . Systematic uncertainties of the predicted event rates are given in Table II . The agreement between data and the prediction of the neutrino flux from π/K parents indicates that the NuMI beam modeling provides a good description of the observed off-axis ν µ flux in MiniBooNE. A measurement of the target kaon flux is performed using the ν µ CCQE sample. For this purpose the MC prediction is divided into four templates: neutrinos from kaons produced in the NuMI target (shown in Fig. 3 The band indicates the total systematic uncertainty associated with the MC prediction. The prediction is separated into contributions from kaon parents produced in the NuMI target, pion parents produced in the NuMI target, and kaon and pion parents produced in non-target materials. neutrinos from pions produced in the NuMI target (also shown in Fig. 3 ), neutrinos from kaons produced in nontarget materials (i.e. downstream), and neutrinos from pions produced in non-target materials. Neutrinos from target kaons dominate the event rate in the E ν > 1.2 GeV region. The predicted target kaon fraction in this energy range is 83% of the selected sample. In order to get a clean measurement of the target kaon contribution, events with neutrino energies above 1.2 GeV are selected and a MC template fit to the data is performed. In the fit, the predicted target kaon component includes uncertainties associated with neutrino cross-section model and detector modeling; other MC components include these sources of error as well as flux uncertainties. After fitting the target kaon component of the MC prediction to the data, with the other MC components fixed to their initial values, the fit yields a kaon flux that is 1.14 +/-0.22 compared to the initial MC prediction. The fit has a χ 2 /NDF = 9.8/10. Therefore, the measured flux of kaons from the NuMI target is consistent with the prediction derived from the FLUKA cascade model [8] . This measurement is a valuable as a check of kaon production which can provide a background in searches for ν µ → ν e transition in the NuMI beam.
The ν e CCQE events consist of a single subevent of PMT hits (ν e +n → e − +p). In 8% of ν µ CCQE events the µ − is captured on carbon, resulting in a single subevent. These events are removed with an energy dependent requirement on the likelihood ratio, log(L e /L µ ). The majority of the remaining background is NC π 0 events with only a single reconstructed electromagnetic track that mimics a ν e CCQE event. To test our NC π 0 prediction, a clean sample of NC π 0 events is reconstructed, as shown in Fig. 4 . This sample demonstrates good agreement between data and MC. About 30% of the events in the NC π 0 sample originate from parents produced in non-target materials. The majority of π 0 events in the ν e CCQE sample are rejected by requirements on the reconstructed π 0 mass and the electron to pion likelihood ratio, applied as a function of visible energy.
A source of low energy ν e events arises from the decay of stopped kaons in the beam stop at the end of the NuMI beamline, which is under the MiniBooNE detector (see Fig. 1 ), 83 m from its center. Given the kinematics of stopped kaon decay, all ν e 's from this source will have visible energies (E e ) below 200 MeV. A requirement E e > 200 MeV effectively removes this source. A total of 780 data events pass all of the ν e CCQE selection criteria. The MC prediction is 660±129 with a ν e CCQE efficiency of 32% and purity of 70%. About 38% of the events in the ν e CCQE sample originate from parents produced in nontarget materials. The corresponding energy distribution is shown in Fig. 5 , and the uncertainties on the predicted event rate are given in Table II . To facilitate further comparison, the low and high energy regions are divided at 0.9 GeV, and the numbers of data and MC events in these two regions provided in Table III . The data with E ν < 0.9 GeV are systematically above the prediction at The results of the measurements described here show that reliable predictions for an off-axis beam can be made. However, it should be noted that the MiniBooNE experiment was not constructed as an off-axis detector for NuMI, but rather an on-axis detector for the BNB. The uncertainties in the neutrino flux presented here are substantially higher than might be expected in a longbaseline off-axis neutrino experiment, due to the close proximity of the MiniBooNE detector to the decay pipe and beam dump and the hadronic interactions therein which produce neutrinos. Consideration of such items will be important for future experiments being proposed or executed [5, 6, 15] .
In summary, we have presented the first observation and analysis of neutrino interactions with an off-axis horn-focused neutrino beam. The agreement between data and prediction in the ν µ and ν e CCQE samples demonstrates good understanding of both pion and kaon contributions to the beam. This represents a successful demonstration of an off-axis neutrino beam at 110 mrad and provides a clear proof-of-principle of the off-axis beam concept planned for use in future neutrino experiments.
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